Peptide deformylase activity was thought to be limited to ribosomal protein synthesis in prokaryotes, where new peptides are initiated with an N-formylated methionine. We describe here a new human peptide deformylase (Homo sapiens PDF, or HsPDF) that is localized to the mitochondria. HsPDF is capable of removing formyl groups from N-terminal methionines of newly synthesized mitochondrial proteins, an activity previously not thought to be necessary in mammalian cells. We show that actinonin, a peptidomimetic antibiotic that inhibits HsPDF, also inhibits the proliferation of 16 human cancer cell lines. We designed and synthesized 33 chemical analogs of actinonin; all of the molecules with potent activity against HsPDF also inhibited tumor cell growth, and vice versa, confirming target specificity. Small interfering RNA inhibition of HsPDF protein expression was also antiproliferative. Actinonin treatment of cells led to a tumor-specific mitochondrial membrane depolarization and ATP depletion in a time-and dose-dependent manner; removal of actinonin led to a recovery of the membrane potential consistent with indirect effects on the electron transport chain. In animal models, oral or parenteral actinonin was well tolerated and inhibited human prostate cancer and lung cancer growth. We conclude that HsPDF is a new human mitochondrial enzyme that may provide a novel selective target for anticancer therapy by use of actinonin-based antibiotics.
Introduction
The N-terminal methionine excision (NME) pathway is an essential mechanism in all organisms (1, 2) . Although N-formyl groups modify the first methionine of all newly synthesized proteins in the cytoplasm of prokaryotes and organelles of eukaryotes, this formylmethionine is often not retained and is cleaved from the mature protein as a part of a posttranslational modification that may be linked to the N-end rule governing the half-lives of proteins (3) . Two enzyme families are involved in this NME pathway, peptide deformylase (PDF) and methionine aminopeptidase (MAP). PDF removes all N-formyl groups and unmasks the amino group of the first methionine, which is a prerequisite for the subsequent action of MAP (2) .
Although most of the initial work characterizing PDFs has focused on E. coli, there is an increasing interest in PDF as a target for developing therapies against other pathogens. These include Thermus thermophilus and Bacillus stearothermophilus (4) , Staphylococcus aureus (5) , Haemophilus influenzae, Streptococcus pneumoniae (6) , Leptospira interrogans (7) , and Mycobacterium tuberculosis (8) . In fact, numerous PDF inhibitors have been shown to have in vitro activities against several of these pathogens, and it has been speculated that these same molecules could be used as broad-spectrum antibiotics against a variety of infectious diseases (9) .
The development of antimicrobial agents targeting PDF could encounter a potential hurdle. While PDF was originally thought to be a prokaryotic enzyme, recent genome-database searches have revealed eukaryotic PDF-like sequences in parasites, plants, and mammals (10) , and recent studies have shown that these eukaryotic PDFs are active in vitro and in vivo (11) (12) (13) (14) (15) . There are 3 classes of PDFs based on structural and sequence analyses (16, 17) . Type 1 is divided into 2 subclasses: PDF1a includes plant and mammalian mitochondrial PDFs, whereas PDF1b includes enzymes found in Gram-negative bacteria, some Gram-positive bacteria, and plants. The eukaryotic PDF1b enzymes are targeted to both plastids and mitochondria (10) . Type 2 and type 3 PDFs are found only in Gram-positive bacteria; however, type 3 PDFs have no associated deformylase activity.
The first eukaryotic PDF to be identified was in the higher plant Arabidopsis thaliana. The 2 deformylase-like genes in this plant code for functional eukaryotic PDFs (10) . These enzymes appear to be localized in the mitochondria and plastids (10, 12) , 2 organelles of prokaryotic origin. Another eukaryotic PDF was later identified and characterized in Plasmodium falciparum, the primary parasite responsible for malaria in humans (11) . This catalytically active deformylase (PfPDF) is inhibited by actinonin and other known PDF inhibitors, which suggests PfPDF as a potential target for antimalarial therapies (11, 18) .
The human Pdf gene contains 2 exons on chromosome 16 , and the gene product is homologous to other characterized PDFs, albeit with some significant differences. The human Pdf mRNA has been reported to be expressed at the same level in all types of human tissues (10) . More recently, we and other investigators have shown that a recombinantly expressed human PDF (Homo sapiens PDF, or HsPDF) is active in vitro (13) (14) (15) . Therefore, the data suggest that N-terminal protein processing is evolutionarily conserved and may be important in the chloroplasts or mitochondria of at least some eukaryotic organisms, although its role in mammals is controversial (8, 14) .
Previous work in our laboratory showed that actinonin, a naturally occurring antibiotic derived from a Streptomyces species (19) that inhibits aminopeptidase N (APN, or CD13), has antiproliferative effects on human leukemia and lymphoma cells in vitro and antitumor activity in a syngeneic AKR leukemia mouse model (20, 21) . However, the antiproliferative effects were seen in APN-negative cells, and therefore the activity could not be mediated by APN inhibition. Therefore, we sought another target of actinonin that might explain its selective anticancer activity. Actinonin's potent inhibition of bacterial, plant, and parasitic PDFs (11, 12, 22) prompted our investigation of the possibility that HsPDF may be a new cancer cell target if it were a functionally important human mitochondrial enzyme. We show here that HsPDF is a functional mitochondrial enzyme necessary for cell growth and proliferation. Moreover, we designed and synthesized a class of new inhibitors, based on actinonin, which selectively inhibit the growth of a broad variety of human cancer cells in vitro and human tumors in vivo in mice. We also propose a model for actinonin's mechanism of action. These findings have implications for the development of various therapeutic strategies for bacteria, mycobacteria, parasites, or cancer that target this enzyme.
Results
HsPDF activity against human mitochondrial substrates. The ClustalW (23) sequence alignment ( Figure 1 ) of amino acid residues of HsPDF compared with other forms of PDF shows that the human protein has significant identity (30-40%) to the other catalytically active proteins. In addition, the critical metal-binding residues (C172, H214, H218) and the catalytic residue (E215) are conserved (18, 24, 25) . We have previously described the expression cloning and purification of HsPDF for enzymatic studies (13) . N-terminal truncation allowed expression of a soluble, active enzyme. All enzymatic analyses reported here were conducted with the cobaltsubstituted N-terminal truncation mutant extended with a C-terminus 6x-histidine tag for purification.
We examined the suitability of different formylated peptides as potential substrates (Figure 2 , A and B). HsPDF was able to deformylate 2 formylated peptides, formyl-Met-Ala-His-Ala (fMAHA) and formyl-Met-Thr-Met-His (fMTMH), that were designed to mimic the N-terminal amino acid sequence of 2 different human mitochondrially encoded proteins, cytochrome c oxidase II and
Figure 1
ClustalW alignment of the deduced HsPDF amino acid sequence with bacterial, plant, and parasitic PDF sequences from the National Center for Biotechnology Information (NCBI) database using the MacVector program (Accelrys Inc.). Hs, Homo sapiens (NP_071736); Pf, P. falciparum (NP_704619); Ec, E. coli (NP_417745); At, A. thaliana (AAG33973 and AAG33980).
Figure 2
Kinetic analysis of HsPDF activity against mitochondrial peptides. (A) HsPDF activity was measured as a function of substrate (S) fMAHA using the formate dehydrogenase-coupled PDF assay. (B) HsPDF activity was measured as a function of substrate fMTMH using the formate dehydrogenase-coupled PDF assay. All determinations are representative of at least 2 independent experiments. Kinetic curves were generated by the KaleidaGraph computer program (Synergy Software). Kinetic values derived from these curves are displayed in Table 1 .
NADH dehydrogenase subunit V, respectively. The K cat /K m values (Table 1) for these mitochondrial peptides are 5-to 10-fold higher than those for the generic substrate formyl-Met-Ala-Ser (fMAS), which does not correlate with any mitochondrially encoded proteins. This increase in K cat /K m , sometimes referred to as the "specificity constant," suggests a higher catalytic efficiency toward the mitochondrial peptides. Interestingly, HsPDF was not active against the bacterial peptide formyl-Met-Leu-Phe (fMLP/fMLF) (13) .
Localization of HsPDF in the mitochondria of living cells. The fulllength amino acid sequence of HsPDF contains an N-terminal sequence that is predicted to serve as a mitochondrial targeting motif (11) . To test the hypothesis that HsPDF is targeted to the mitochondria, we transfected HeLa cells with HsPDF-yellow fluorescent protein (HsPDF-YFP) fusion constructs. Live-cell confocal microscopy showed that the full-length HsPDF colocalizes with mitochondria that are stained with MitoTracker Red (Invitrogen Corp.) ( Figure 3) . As a control, we tagged with YFP an N-terminal truncation mutant of HsPDF (AAs 64-244) that lacks the mitochondrial signal sequence. The truncated HsPDF-YFP fusion protein failed to colocalize with the mitochondrial marker and was instead homogenously distributed in the cytosol and nucleoplasm, a pattern indistinguishable from that of YFP expressed alone.
Actinonin inhibits cell growth in various human tumor cell lines. We have previously shown that actinonin has antiproliferative effects on both HL60 leukemia cells and Daudi lymphoma cells, and that antiproliferative activity does not correlate with APN expression. Therefore, we now hypothesized that HsPDF is a target of actinonin in tumor cells. As HsPDF is expressed diversely in human tissues (10, 26) , we investigated whether actinonin inhibits the growth and proliferation of a variety of human tumor cell lines. Actinonin had antiproliferative activity against 16 of 17 human tumor cell lines tested, representing 9 different cell lineages ( Table  2) . Only HEK293 renal cells were resistant. In comparison, a number of "normal" cell lines were found to be resistant to actinonin, as well. These were the WI-38 and NIH-3T3 cell lines (human and mouse normal fibroblast cell lines, respectively) and normal human PBMCs (hPBMCs). The actinonin-sensitive mouse fibroblast cell line AL67 differs from the NIH-3T3 parental cells in that it has been transformed by ras. We have previously reported that actinonin may have some myelosuppressive activities, as evidenced by decreased colony formation of human bone marrow cells (20) . However, the dose required for 50% growth inhibition of these normal cells was more than 5 times the IC 50 required for the tumorigenic hematopoietic cell lines tested here.
Actinonin analogs reveal a link between HsPDF inhibition and antiproliferative activity. Thirty-three analogs of actinonin were synthesized to determine whether there was a correlation between inhibition of HsPDF activity and human tumor cell growth and to find more potent and specific compounds. We screened actinonin and its analogs for both HsPDF enzyme inhibition and human tumor cell growth inhibition as measured by XTT (tetrazolium salt) metabolism and tritiated thymidine incorporation (Table 3 and Figure 4 ). The cell lines used for the screen were CWR22Rv1 and TSU-PRI (human prostate cancer), Daudi (human Burkitt lymphoma), and HL60 (human acute myeloid leukemia). The 2 prostate cancer cell lines (APN-negative) were chosen as representative solid tumor cell lines, with and without androgen-resistance characteristics. As actinonin can also inhibit APN, 2 hematopoietic cell lines were chosen, 1 with and 1 without APN expression. All 9 compounds that inhibited HsPDF with an IC 50 of less than 0.1 μM were also potent antiproliferatives (IC 50 < 50 μM on at least 1 cell line). Of the 16 compounds that inhibited HsPDF with an IC 50 of 0.2 μM or less, all were also antiproliferatives. Moreover, 6 of the 7 compounds with no measurable HsPDF inhibition exhibited no inhibition of cell growth. These data show that HsPDF inhibition is consistently associated with antiproliferative activity against human tumor cells. Conversely, lack of activity against HsPDF is generally associated with inability to inhibit the growth of tumor cells. The observation that 9 compounds displaying weak HsPDF inhibition were antiproliferative suggests that these compounds inhibit cell growth via HsPDF-independent mechanisms.
Knockdown of HsPDF by small interfering RNA leads to inhibition of cell proliferation.
If the antitumor effect of actinonin is mediated by inhibition of HsPDF, then cell growth must depend to some extent on HsPDF activity. To test this hypothesis, we examined the effect of silencing the human Pdf gene on tumor cell growth. Transfection of HeLa cells with small interfering RNA (siRNA) duplexes that specifically target human Pdf mRNA ( Figure 5A ) led to a significant decrease in both Pdf mRNA (data not shown) and protein expression ( Figure 5B ) as well as a decrease in cell proliferation as evidenced by the tritiated thymidine incorporation assay ( Figure 5C ). Control siRNAs (nonspecific duplexes) had no effect on mRNA levels, protein expression, or proliferation. The target-specific siRNAs did not reduce expression of the fluorescent protein control (data not shown). Kinetic analysis revealed that the substantial decrease of 
Figure 3
The N-terminus targets HsPDF to the mitochondria. HeLa cells were transfected with full-length or N-terminally truncated HsPDF (AAs 64-244) tagged at the C-terminus with YFP and imaged alive by laser scanning confocal microscopy 24 hours after transfection and 30 minutes after addition of MitoTracker Red CMXRos to the media. Scale bar: 10 μm.
both protein expression and cell proliferation was not observed until 48 hours after transfection, consistent with the requirement for catabolism of preformed protein to observe the functional effects of gene silencing. The siRNA sequences that showed significant inhibition of cell proliferation targeted the region between bases 580 and 680. Several ineffective siRNA sequences targeted other regions of the mRNA, consistent with the general observation that siRNA is effective for some but not all sequences within a message. In order to address concerns regarding off-target and concentration-dependent effects on mammalian gene expression (27) (28) (29) , we also tested a range of doses for our effective siRNAs. It has been reported that a characteristic feature of nonspecific effects on gene expression is dependence on siRNA concentration and that nonspecific effects occur at siRNA concentrations of 100 nM but not at 20 nM (29) . We found that the 2 effective siRNAs were able to significantly inhibit tumor cell proliferation at a dose as low as 10 nM ( Figure 5D ), which is well below the concentration for nonspecific effects reported in the literature. Moreover, there was a concentration-dependent effect only with the control siRNAs, not with the target-specific siRNAs. These data confirm that HsPDF is important for cancer cell growth and survival.
Thus, the antiproliferative effects of actinonin and numerous analogs on a wide variety of human tumor cell lines, in combination with the requirement of HsPDF for cell growth, provide compelling evidence that HsPDF is a critical target of actinonin and that the inhibition of this protein in the mitochondria leads to cell death in tumor cells.
Actinonin causes selective mitochondrial membrane depolarization. The evidence that actinonin targets HsPDF, a mitochondrial protein, suggests that actinonin may mediate its antiproliferative action via disruption of mitochondrial function. A key early indicator of mitochondrial toxicity is the loss of potential across the mitochondrial membrane (30) . We monitored mitochondrial membrane potential by using a fluorescent dye, JC-1 (described in Methods), which exhibits a membrane potential-dependent accumulation in mitochondria. JC-1 emits at 525 nm (green) in monomeric form; in the presence of high mitochondrial membrane potential, JC-1 forms red (590 nm) fluorescent aggregates. Thus, mitochondrial depolarization can be quantitated by a decrease in the red/green fluorescence intensity ratio. We show that actinonin treatment of RL cells (human B cell lymphoma line) causes a significant time-and dose-dependent depolarization of the mitochondrial membrane ( Figure 6 ). The magnitude of the depolarization at the highest dose (100 μg/ml) is equal to that of the positive control, carbonyl cyanide m-chlorophenylhydrazone (CCCP), a proton ionophore that irreversibly uncouples respiration (31) . The kinetics of the actinonin effect were far slower than for CCCP, which directly disrupts the electron transport chain; this is consistent with an expected indirect effect of actinonin on this pathway. In addition, when cells were treated with actinonin for 24 hours and then removed from treatment, the mitochondrial membrane potential recovered to the cells' normal resting potential after approximately 8 hours (data not shown). This actinonin-dependent depolarization and subsequent recovery with actinonin wash-out was also seen with HeLa (cervical adenocarcinoma) and HL60 (myeloid leukemia) cell lines. In contrast, normal peripheral blood lymphocytes incubated with actinonin at the same 3 doses did not exhibit a depolarization over time ( Figure 6 ).
We then hypothesized that ATP depletion might be a possible consequence of actinonin-induced mitochondrial dysfunction. To further examine this question, we measured ATP levels in Daudi cells treated with varying doses of actinonin (5, 10, and 20 μg/ml) and found that it depleted ATP levels in a time-and dose-dependent manner. At the highest dose of 20 μg/ml, actinonin depleted ATP levels by 56.0% at 12 hours, 67.3% at 24 hours, and 95.8% at 36 hours. We also conducted some preliminary experiments to examine actinonin-induced apoptosis. We previously published a report (20) that actinonin induces a low level of apoptosis (approximately 10%) in non-APN-expressing cells, based on the TUNEL assay. We confirmed this low level of apoptosis using annexin V staining and found no more than 7% annexin V-positive, propidium iodidenegative Daudi cells in response to the same dose of actinonin. Actinonin inhibits human tumor xenograft growth in mice. Although previous work has shown that actinonin was effective in a syngeneic AKR leukemia mouse model, the broad anticancer activity seen here in vitro prompted an investigation of whether actinonin would be effective against mouse xenograft models of human solid tumors. Actinonin has been safely administered to mice as an antibiotic at doses up to 400 mg/kg (19) . Therefore, it does not appear to have significant toxicity to normal tissues, despite its antitumor activity in vitro. Remarkably, actinonin exhibited significant antitumor activity when given i.p. or orally in a CWR22 human prostate tumor xenograft model in nude mice ( Figure 7A ). During treatment, the animals showed no signs of clinical toxicity. The 250-mg/kg i.p. regimen and the 500 mg/kg oral regimen were similarly effective at inhibiting tumor growth; this suggests that actinonin is orally bioavailable. Similar antitumor activity was seen in 2 other human tumor xenograft models in nude mice bearing A549 human nonsmall cell lung cancer ( Figure 7B ) and PC3 human prostate cancer (data not shown). Therefore, it appears that actinonin has significant activity in vivo against human tumors with tolerable toxicity.
Discussion
The biochemistry of protein deformylation in various non-mammalian organisms is of considerable interest because of the potential for use of the enzymes involved as targets for therapeutic interventions. Bacterial PDF has been studied extensively and is currently considered a target for the development of antibacterial drugs (16, 17, (32) (33) (34) (35) (36) (37) (38) . The goal of this work was to determine whether the newly discovered human mitochondrial deformylase was the target of actinonin, and whether actinonin had broad cancer therapeutic activity. APN was originally considered the relevant target of actinonin in mammalian cells (39, 40) . However, previous work in our laboratory (20, 21) demonstrated that the antileukemic activity of actinonin, a peptidomimetic antibiotic, is not mediated by APN. This finding, in combination with actinonin's known bactericidal effects that are due to its inhibition of PDF (5, 6, 22) , led us to examine the possibility that HsPDF may be an important enzyme in human cells and, thus, the potential target of actinonin in tumor cells. Therefore, we also explored the possibility that a functional human peptide-deformylase protein might be a potential target for novel cancer therapeutics.
We show here that HsPDF is expressed in human mitochondria and capable of selectively deformylating model human mitochondrial N-methionyl formylated proteins. Moreover, we show that actinonin and numerous newly designed chemical analogs, which are all capable of potent HsPDF inhibition, all result in potent antiproliferative effects on tumor cells. In addition, siRNA reduction of HsPDF mRNA and protein results in reduction in tumor cell proliferation. Finally, we demonstrate that actinonin is an active and tolerable anticancer agent in human solid tumor xenograft models in mice.
Genome-database searches had revealed that a human Pdf homolog exists (10) and that the deduced amino acid sequence exhibits significant sequence similarities to E. coli PDF (EcPDF), including key catalytic residues. The encoded human protein, HsPDF, was found to be enzymatically active in the presence of various N-formylated peptides (13) (14) (15) . Our results confirmed that HsPDF is enzymatically active for generic N-formylated peptides and, furthermore, has even greater activity for peptides that mimic the N-terminus of human mitochondrially encoded proteins. We also showed that HsPDF is localized in the mitochondria by virtue of an N-terminal targeting sequence.
The complete function and relevance of HsPDF in human cells remain to be determined. Recently, Nguyen et al. (14) suggested that HsPDF is likely to be an evolutionary remnant without any functional role in protein formylation/deformylation, based on HsPDF's weak catalytic activity. In contrast, Serero et al. (15) conclude that human mitochondria have a functional human PDF that is involved in the conserved NME pathway. Our data support the conclusion that HsPDF is a functional enzyme located in the mitochondria. We extend this to show that HsPDF is important for tumor cell growth and survival and is the target of a new class of small molecules.
These conclusions are consistent with data from plant and bacterial systems. Plant and parasitic PDFs have been shown to be expressed in organelles such as plastids and mitochondria (10-12, 41, 42 ). HsPDF is nuclear-encoded but predicted to be localized in the mitochondria (11, 43) . This prediction was based on the realization that the only nascent proteins requiring deformylation in eukaryotic cells are those synthesized on mitochondrial ribosomes. We have now confirmed this mitochondrial localization. Moreover, HsPDF's higher specificity toward 2 formylated peptides (fMAHA and fMTMH) designed to mimic the N-terminal sequence of 2 human mitochondrially encoded proteins supports the idea that HsPDF evolved to deformylate proteins that are synthesized in mammalian mitochondria. This subset of cellular proteins is well defined; the mitochondrial genome codes for only 13 polypeptides that are subunits of the various complexes that make up the respiratory chain (44, 45) . Thus, inhibition of HsPDF in the mitochondria could presumably lead to disruption of protein complexes in the mitochondrial respiratory chain and possibly even cell death. This hypothesis is consistent with evidence of an analogous role for plant PDF's deformylation of chloroplast-encoded proteins, which are crucial components of photosystem II (42) . Actinonin, which causes bleaching of the plant, inhibits plant PDF and therefore leads to destabilization of specific proteins of photosystem II. The antibacterial and antiplant activities of actinonin would lead to the supposition that actinonin is inhibiting the growth of tumor cells via inhibition of HsPDF. Here we provide evidence to support this hypothesis. Numerous analogs that potently inhibit HsPDF enzymatic activity all potently inhibit cell growth. Nearly all analogs that have no anti-PDF activity are not antiproliferative. In addition, siRNA knockdown of HsPDF confirms that its presence is necessary for cell proliferation. It has been previously reported that aminopeptidase inhibitors, including actinonin and bestatin, inhibit cell proliferation of leukemia cells via suppression of serine phosphorylation of both MAPK and GSK-3β (46) . However, this mechanistic description refers to cellular events in response to APN inhibition and is limited to APNexpressing cells. Furthermore, bestatin does not inhibit HsPDF (data not shown), which suggests that actinonin's inhibition of HsPDF and subsequent inhibition of APN-negative cell proliferation rely on a different mechanism. We believe that actinonin provides an interesting mechanistic model for its effects because it is inhibiting posttranslational modifications of proteins. HsPDF is thought to be involved in the deformylation and processing of mitochondrially encoded proteins. These proteins make up the subunits of 4 of the 5 complexes in the electron transport chain. When HsPDF is inhibited by actinonin, there would be an accumulation of unprocessed proteins that could lead to 2 possible outcomes. The reduction in properly assembled electron transport chain complexes would lead to a reduction in proton gradient, and consequently reduced ATP synthesis. This loss of the proton gradient would result in a depolarization of the mitochondrial membrane, and we have reported here that actinonin causes not only mitochondrial membrane depolarization but also ATP depletion. In addition, the accumulation of unfolded proteins in the mitochondria may induce a mitochondrial-specific stress response, which reportedly results in an increase in the level of a transcription factor called C/EBP homology protein (CHOP) (47) . Preliminary gene-chip analysis (data not shown) suggests that actinonin upregulates the expression of CHOP in human cancer cells, and CHOP has been implicated in programmed cell death (48) . Under either mechanism, prolonged actinonin inhibition of HsPDF leading to membrane depolarization and/or a mitochondrial stress response would ultimately lead to cell death.
The mitochondria play a pivotal role in cell death and apoptosis (49) (50) (51) . These organelles produce the bulk of the cell's ATP, which is an endogenous inhibitor of the permeability transition pore complex (PTPC) (52, 53) . ATP depletion, which could occur if the mitochondrial respiratory chain was inhibited, might facilitate PTPC opening and mitochondrial membrane permeabilization. Thus, it is conceivable that inhibition of HsPDF could lead to inhibition of the respiratory chain and subsequent ATP depletion and thus facilitate mitochondrial membrane permeabilization, a critical event for apoptosis. Actinonin has already been shown to induce G 1 arrest and apoptosis in leukemia and lymphoma cell lines (20) . However, the low level of apoptosis seen in non-APNexpressing cells does not support a substantial role for apoptosis as the primary mechanism by which actinonin kills cells.
Interestingly, we have also shown that withdrawal of actinonin after a 24-hour incubation leads to a recovery of the mitochondrial membrane depolarization reported here. Thus, if HsPDF activity is transiently inhibited by actinonin, the unfolded proteins should still be available as substrates for HsPDF when actinonin is removed, leading to the recovery of a functional electron transport chain. This effect is in contrast to that seen with uncouplers of respiration such as CCCP, which irreversibly uncouples respiration.
Figure 4
Chemical structures of actinonin and selected analogs with the lowest IC50 against HsPDF (see Table 3 ).
Despite the inhibition of cell-free HsPDF and antiproliferative activity against all but 1 human tumor cell line tested (n = 17), actinonin has been shown to be safe at high doses in mice (19) , and we show that it has only slight antiproliferative effects on normal cells in culture as well. Remarkably, actinonin had significant antitumor effects in human xenograft mouse models of prostate and lung cancer, as both an oral and a parenteral agent. In addition, preliminary results with SKI-AC-111111 suggest that the analog is not only a more potent antiproliferative agent in vitro compared with actinonin but is also approximately 3 times more potent as an in vivo antitumor agent in a human prostate tumor xenograft model (data not shown). However, the mechanisms for the apparently selective anticancer in vivo activity are not clear. There has been recent attention to mitochondria as potential targets of anticancer therapy. Evidence suggests that the mitochondria of tumor cells are different enough from normal cells (44, 54) that tumor cells may be more sensitive to mitochondrial insult. MKT-077, a cationic rhodacyanine dye, is an example of a drug that is selectively toxic to carcinoma cells (55) , and one explanation for its mechanism of action is the inhibition of mitochondrial respiration. Recently, Fantin et al. (56) showed that a mitochondriotoxic small molecule can selectively inhibit tumor cell growth. Thus, actinonin's inhibition of HsPDF, resulting in mitochondrial disruption, could have a similar tumor specificity. We show here that actinonin does not cause mitochondrial membrane depolarization of normal circulating lymphocytes; this indicates tumor cell selectivity. The cause of this is under investigation. Human bone marrow colony growth is reduced by actinonin in vitro (20) ; however, in the cancer therapeutic studies in mice described here, effective antitumor doses of actinonin did not give rise to obvious toxic side effects.
Therefore, we conclude that HsPDF is a new human mitochondrial enzyme that may provide a novel and tumor-selective target for the development of anticancer therapies.
Methods
Reagents. N-formylated peptide substrates used in the deformylase assay were formyl-Met-Ala-Ser (fMAS), formyl-Met-Ala-His-Ala (fMAHA), and formyl-Met-Thr-Met-His (fMTMH). All substrates were either purchased from or custom synthesized by Bachem Bioscience Inc. Actinonin and CCCP were purchased from Sigma-Aldrich. JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide) was purchased from Invitrogen Corp. Analogs of actinonin were synthesized by the Organic Synthesis Core Facility at Memorial Sloan-Kettering Cancer Center.
PDF assay. The spectrophotometric assay is based on the method described by Lazennec and Meinnel (57) and is a formate dehydrogenasecoupled assay for PDF activity. Our measurements were conducted at 25°C in polystyrene cuvettes containing 50 mM HEPES (pH 7.4), 10 mM NaCl, 0.2 mg/ml BSA, 2.4 mM NAD+ (Roche Applied Science), 1 U formate dehydrogenase (Sigma-Aldrich), and 0-32 mM N-formylated peptide (Bachem Bioscience Inc.). The reaction was initiated with the addition of 20-100 μg HsPDF enzyme. The rate of NADH production was measured by monitoring of the increase in absorbance at 340 nm using a Spectronic Genesys 2 spectrophotometer (Spectronic Instruments).
Localization of HsPDF in living cells. The full coding sequence or a truncation of the nucleotides encoding the first 63 amino acids of the human Pdf cDNA was amplified by PCR and cloned in-frame into pEYFP-N1 (BD Biosciences -Clontech). HeLa cells (American Type Culture Collection) were maintained in 5% CO2 in DMEM supplemented with 4 mM L-glutamine, 4.5 g/l glucose, and 10% FBS (cellgro; Mediatech Inc.). HeLa cells to be examined by fluorescence microscopy were plated at 2 × 10 5 per plate into , and 100 nM of control or HsPDF-specific siRNAs. Cell proliferation was determined by tritiated thymidine incorporation 2 days after transfection. The HsPDF-specific siRNAs significantly inhibited cell proliferation (*P < 0.001) at all 4 doses when compared with both the no-siRNA group and the corresponding dose of control siRNA, while significant inhibition ( † P < 0.001) was seen only at the higher doses (50 and 100 nM) of the control group. siRNA preparation and transfection. Twenty-four hours before transfection, HeLa cells were trypsinized, diluted in fresh media without antibiotics, and transferred to 96-well plates at a density of 10,000 cells per well. On the day of transfection, cells (50-70% confluent) were washed with PBS and the media was replaced with Opti-MEM I reduced-serum medium (Invitrogen Corp.). Transfections of siRNA were carried out using Oligofectamine (Invitrogen Corp.) according to the manufacturer's instructions. Target-specific siRNA duplexes were designed using a proprietary algorithm of the Sloan-Kettering Institute siRNA Core Facility and provided at a concentration of 10 μM. The siRNAs specific to human Pdf (National Center for Biotechnology Information [NCBI] accession no. NM_022341) were positioned at 581-601 and 659-679 relative to the start codon and were compared with sequences in the human-genome database to confirm that no other genes were targeted. A nonspecific duplex control pool (Dharmacon Inc.) was used as a control and was composed of 4 duplexes containing 33% GC content. All experiments were carried out twice, in triplicate each time. HeLa cell growth was determined via tritiated thymidine incorporation on days 1, 2, and 3 after transfection.
Determination of HsPDF mRNA levels and protein expression. To confirm knockdown of HsPDF mRNA, HeLa cell RNA was harvested 24, 48, and 72 hours after siRNA transfection. DNase-treated total RNA (5 μg) was used to prepare cDNA for subsequent real-time PCR. The ThermoScript RT-PCR System (Invitrogen Corp.) was used according to the manufacturer's instructions. The cDNA samples were diluted 1:5 with 5 mM Tris-HCl (pH 8.5), and 3 μl was used for a 25-μl reaction in a MicroAmp optical 96-well reaction plate on an ABI PRISM 7700 sequence detection system (Applied Biosystems). The master mixes contained 2× TaqMan Universal Master Mix, RNase/DNasefree water, and the respective primers and probe. The HsPDF master mix contained primers at 700 mM and HsPDF probe at 200 mM. The β-actin master mix (housekeeping reference gene) contained primers at 500 mM and β-actin probe at 150 mM. The sequences for primers (Gene Link Inc.) and probes (Applied Biosystems) are as follows: PDF forward primer 5′-GGGCAGCCC-GCATCA-3′, PDF reverse primer 5′-TGCTGTCCATTTTGTCAATAAACA-3′, β-actin forward primer 5′-CTGGCACCCAGCACAATG-3′, β-actin reverse primer 5′-GCCGATCCACACGGAGTACT-3′, PDF probe 6FAM-CAGCAC-GAGATGGACCACCTGCAG-TAMRA, and β-actin probe 6FAM-TCAAGAT-CATTGCTCCTCCTGAGCGC-TAMRA. For final calculations, each sample's cycle threshold value was subtracted from its respective β-actin value.
For HsPDF protein expression analysis, we used HeLa cells stably expressing the same full-length HsPDF-YFP construct used in the confocal imaging studies. As a control, we used HeLa cells stably expressing a fluorescent
Figure 6
Actinonin selectively causes mitochondrial membrane depolarization in a time-and dose-dependent manner. RL lymphoma cells (bottom 3 curves) were incubated with actinonin at 10 μg/ml (filled circles), 20 μg/ml (filled triangles), or 100 μg/ml (filled squares), treated with JC-1 dye, and analyzed by flow cytometry. Actinonin treatment led to a time-and dose-dependent depolarization of the mitochondrial membrane, as evidenced by the significant decrease (*P < 0.05) in the fluorescent red/green ratio. CCCP (filled diamond) was used as a positive control and showed depolarization after 10 minutes of treatment. vector control. Twenty-four and 48 hours after siRNA transfection, the cells were analyzed by flow cytometry (Cytomics FC 500; Beckman Coulter Inc.) and mean peak fluorescence was determined by a flow cytometry analysis program (FlowJo 4.5; Tree Star Inc.).
The data regarding siRNA knockdown of mRNA, protein, and proliferation are represented as the mean ± SD and were analyzed for statistical significance by an ANOVA with a Newman-Keuls post-test using Prism 3.0 (GraphPad Software).
Cell proliferation assays. A variety of human and mouse cell lines were used to assess the antiproliferative activity of actinonin. Human tumor cell lines included hematopoietic (Daudi, HL60, NB4, Raji, RL), breast cancer (MDA-MB-468, SK-BR-3), prostate cancer (CWR22Rv1, TSU-PRI, DU145, PC3), lung cancer (SK-LC-8, SK-LC-16), ovarian cancer (A2780), cervical cancer (HeLa), and other (HEK293, HT-1080). We also used human PBMCs (hPBMCs), human fibroblasts (WI-38), mouse fibroblasts (NIH-3T3), and a mouse fibroblast cell line, NIH-3T3, transformed with ras (AL67). To quantitate the effect of actinonin on cancer cell proliferation, 2 different assays were used. We have shown previously that assays of cell viability, such as XTT metabolism and trypan blue exclusion, directly correlate with tritiated thymidine incorporation results from cells treated with actinonin. Assay I was the tritiated thymidine incorporation assay, in which an aliquot of 200 μl of cells (10,000 cells per well) was plated and incubated at 37°C in 96-well plates in the presence or absence of actinonin. Serial dilutions of actinonin were made in complete media. After 1-5 days of incubation, 50 μl of 10 μCi/ml tritiated 3 H-thymidine (PerkinElmer Inc.) was added to each well and allowed to incorporate for 5 hours. Plates were frozen at -80°C overnight, and cells were harvested onto filtermats (PerkinElmer Inc.) using a semiautomatic harvester (Skatron Instruments). Filtermats were counted in a 1205 Betaplate liquid scintillation counter (PerkinElmer Inc.). Assay II was the XTT assay, in which cells in log-phase growth were plated in a 96-well plate at a certain density. Actinonin was added to the plate at various concentrations made from serial dilutions in complete media. When the cells in the control wells reached confluence, 50 μl of the tetrazolium salt XTT (dissolved at 1 mg/ml in 37°C serum-free medium) was added with phenazine methosulphate (an electron transfer reagent) to each well of the plate, and the cells were incubated again for 2-4 hours at 37°C. Absorbances were read at a dual wavelength of 450/630 nm using a plate reader.
Determination of mitochondrial membrane depolarization. RL cells (human B cell lymphoma) were cultured in RPMI supplemented with 20% FBS, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/l glucose, 1.5 g/l NaHCO3, 2 mM L-glutamine, and 1% penicillin/streptomycin. Cells were incubated with varying concentrations of actinonin (0-100 μg/ml) at a density of 1 × 10 6 cells/ml. Maximal dissipation of mitochondrial membrane potential was determined by incubation with the proton ionophore CCCP at a final concentration of 100 nM for 10 minutes prior to data acquisition. Mitochondrial mass and membrane potential were assessed by incubation of cells with JC-1 for 5 minutes at 37°C. Cells were washed 3 times in PBS and resuspended in media supplemented with actinonin at the original concentration. Flow cytometry was performed using a FACSCalibur (BD) running CellQuest software. Fifty thousand events were acquired in list mode for each data point and analyzed with FlowJo software. Mitochondrial mass was measured in FL-1 ("green," mean excitation emission at 525 nm). Negative mitochondrial membrane potential was measured in FL-2 ("red," mean excitation emission at 590 nm). Mitochondrial membrane potential was expressed as a ratio of the negative membrane potential to the mass (red/green ratio). All measurements were performed in triplicate and are expressed as the mean ± SD. Statistical significance was determined by an ANOVA with a NewmanKeuls post-test using Prism 3.0.
